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ABSTRACT: Size-dependent optical properties of germanium (Ge) nano-
crystals (NCs) make them a desirable material for optoelectronic applications.
So far, the synthesis of ligand-free and tunable-size Ge NCs by inert gas
condensation has been scarcely reported. In this work, we introduce a gas-phase
approach to synthesize quantum-confined Ge NCs by inert gas condensation,
where the size of the Ge NCs can be readily tuned by controlling the thickness
of a Cu plate supporting the Ge target. As explained by simulations using the
finite element method, the magnetic field configuration above the target can be
manipulated by varying the thickness of the Cu backing plate. In-depth analysis
based on transmission electron microscopy (TEM) results reveals the morphology and crystalline structure of Ge NCs. X-ray
photoelectron spectroscopy has proven the formation of a substoichiometric Ge oxide shell for the as-deposited Ge NCs. In
addition, Raman spectroscopy indicated peak shifts according to the phonon confinement model that yielded nanoparticle sizes in a
good agreement with the TEM results. Furthermore, the quantum confinement effect for Ge NCs was demonstrated by analysis of
the absorption (UV−vis−NIR) spectrum, which indicated that the band gap of the Ge NCs was increased from ∼0.8 to 1.1 eV with
decreasing size of Ge NCs. Comparison with theory shows that the quantum confinement effect on the band gap energy for
different-sized Ge NCs follows the tight-binding model rather well.
■ INTRODUCTION
Nowadays, semiconductor nanocrystals (NCs) with size less
than the Bohr exciton radius, or quantum dots (QDs) as they
are called in the literature, have gained strong interest due to
the dependence of their physical properties on the so-called
quantum confinement effect, where the band gap energy of the
materials can be engineered by the size reduction of the NCs.1
Based on size-dependent optical and electrical properties,
semiconductor NCs are emerging candidates that enable a
wide range of important applications, e.g., solar cells,2 light-
emitting devices,3 and photodetectors.4 Although the binary
II−VI, IV−VI, and III−V semiconductor nanocrystals are well
developed and remain at the forefront of several developing
technologies, group IV semiconductor NCs have also attracted
strong attention as potential alternatives, leading to intense
research. The main interest arises from the fact that, in contrast
to several quantum dot systems that contain toxic elements, as,
for example, Cd and Pb, group IV semiconductor NCs are
environmentally friendly and cost efficient.5 In addition, group
IV semiconductor NCs (Si and Ge) are compatible with the
current CMOS processing based on the Si technology.6
Although Si remains of high interest for optoelectronics
applications, germanium (Ge) is especially attractive due to:
(i) the narrower bulk band gap energy (0.67 eV at 300 K) that
implies possible tuning to specific wavelengths over a wide
range (as much as 3.3 eV); (ii) the relatively larger Bohr
exciton radius (∼24 nm) than that of Si (4.5 nm) that
translates to quantum confinement effects for larger NCs than
Si NCs; (iii) the significant potential for indirect to direct (or
quasi-direct) transitions that could be achieved at nanoscale
ranges; (iv) a larger dielectric constant and a large absorption
coefficient (∼2 × 105 cm−1 at 2 eV);7 and (v) carrier
multiplication for approximately 5−6 nm Ge NCs.8
The strategies to synthesize Ge NCs can be clearly grouped
into two major categories: solution-phase and gas-phase routes.
In recent years, many solution-phase methods, including Zintl
salts,9 sol−gel process,10,11 microwave-assisted colloid reduc-
tion,12−14 reduction of GeI2,
15 and solution-phase thermal
decomposition,16,17 have been reported. However, in contrast
to the gas-phase methods, the production of high-quality group
IV NCs has been proven to be difficult by solution-phase
methods.18,19 One of the main reasons is the high
crystallization temperature of Ge NCs due to the strong
covalent bonding of Ge,20 which means that the choice of
organic solvents will be limited by their boiling point.21 In
addition, in some cases, the use of strong reducing agents (e.g.,
NaBH4 and LiAlH4 superhydrides), which are environmentally
unfriendly, cannot be avoided.21 Another issue is the use of
surfactants, which serve as a stabilizer of NCs in the solution.
Moreover, since these organic surface ligands can also produce
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photoluminescence, the interpretation of the band gap energy
from photoluminescence spectra can, in some cases, conceal
the genuine signal originating from the size effect of the
semiconductor NCs.21,22 To our knowledge, only a few works
have shown that the energy of the photoluminescence peak
increases with decreasing size of the Ge NCs, which is induced
by the quantum confinement effect instead of surface
ligands.23−26 In contrast, the gas-phase routes are not limited
by any use of organic solvents, reducing agents, and
surfactants, which is desirable for the green and high-purity
synthesis of NCs. Overall, the advantages of the gas-phase
method are: (i) readily synthesizing NCs for high covalent
materials like Si and Ge; (ii) excluding the use of solvents and
ligands; and (iii) easily achieving size control. A wide variety of
possibilities are available for the gas-phase synthesis of NCs,27
such as cluster beam deposition,28−30 nonthermal plasma,31,32
laser pyrolysis,33 and thermal plasmas.34 Recently, several
advances have emerged from gas-phase synthesis of NCs from
the IV group via nonthermal plasma.35,36 In this case, the size
of Ge NCs could be controlled by varying the flow rate and
employing a Grignard reaction that allowed the surface
passivation with alkyl groups instead of Cl groups. Ge NCs
with different sizes demonstrated tunable band gap photo-
luminescence due to the quantum confinement effect.23
Besides the nonthermal plasma method, the cluster beam
deposition is a promising method for the synthesis of high-
quality semiconductor NCs. In particular, the inert gas method
based on high-pressure magnetron sputtering30 has emerged as
one of the most versatile approaches to control the particle
formation processes, where, especially, the size distribution can
be tuned by the dynamical parameters of the magnetron
source, such as the magnetic field configuration, power, flow of
inert gas (Ar, He), and length of the aggregation zone.37
However, the literature for utilizing the cluster source in the
synthesis of semiconductor NCs still remains rather limited
since only a few publications38,39 so far have reported this
possibility for semiconductor QDs. Nevertheless, the main
deficiency of the current research is on how to control the
morphology of the semiconductor nanoparticles, since they
often adopt a “cauliflower” structure. Although such structures
consist of smaller nanoparticles, they do not agree with
monodisperse and size-tunable semiconductor NCs and are
therefore less suited for optoelectronic applications requiring
high-quality semiconductor QDs.
Therefore, significant progress is required toward the size
and morphology control of Ge NCs via the gas-phase synthesis
based on high-pressure magnetron sputtering.30 Hence, in this
work, we report a gas-phase synthesis based on high-pressure
magnetron sputtering that provides Ge NCs with 100%
tunable size, ranging from 14.7 to 7.1 nm, enabling significant
band gap engineering. For this purpose, we studied extensively
the influence of backing plates of different thicknesses on the
magnetic strength above the Ge target surface, where the main
focus is on the size-tunable synthesis of Ge NCs. The finite
element method (FEM) was used to simulate the magnetic
field distribution, suggesting that the magnetic field strength
above the target surface decreases with increasing thickness of
the backing plate, enabling the desired size tuning of the Ge
NCs. This strategy eliminates the need for quadrupole mass
filter to achieve size selection and thereby significantly
increases the effective yield of nanoparticles out of the system.
Furthermore, it will be shown that the as-deposited Ge NCs
have a monodisperse and uniform size distribution with a band
gap that widens with decreasing size as expected from quantum
confinement calculations.
■ EXPERIMENTAL AND SIMULATION METHODS
Synthesis of Ge NCs. Germanium (Ge) nanocrystals (NCs) with
different sizes were deposited on transmission electron microscopy
(TEM) grids by a home-modified nanoparticle deposition system
Nanogen 50 obtained from Mantis Deposition Ltd. (www.
mantisdepositon.com). The main chamber, where the samples are
placed, was initially evacuated to a base pressure of ∼1 × 10−8 mbar.
The supersaturated Ge vapor was produced by sputtering the Ge
target (50.8 mm diameter, 3 mm thickness, purity of 99.99%) with a
20 sccm Ar gas flow (purity 99.9999%) and a 0.20 A discharge
current. The supersaturated vapor was then cooled by Ar gas to form
nuclei, which can subsequently grow into nanoparticles. The formed
NCs in the aggregation chamber were then carried by the Ar gas to
the sample chamber. For nanoparticles of different sizes, various
copper backing plates (diameter 50.8 mm and thickness varying
between 1.5 and 6 mm) were used as a separation between the Ge
target and the magnetron head. The latter can adjust the magnetic
field strength on the target surface, where sputtering takes place. To
synthesize a large amount of NCs for further characterization, the
precleaned glass substrate was put close to the aperture at the exit of
the aggregation chamber (Figure 2a).
Materials Characterization. The morphology, size distribution,
and electron diffraction of the as-deposited NCs were analyzed by
transmission electron microscopy (TEM, JEOL 2010) operated at
200 kV. High-resolution TEM (HRTEM) was performed with a
probe- and image-corrected Thermo Fisher Scientific Themis Z S/
TEM operating at 300 kV. The high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images were
recorded with a convergence semiangle of 21 mrad and a beam
current of 50 pA. The composition of NCs was further characterized
by X-ray photoelectron spectroscopy (XPS, Surface Science SSX-100
ESCA instrument) with a monochromatic Al Kα X-ray source (hν =
1486.6 eV) operating at a base pressure of ∼5 × 10−10 mbar. The
NCs were directly deposited on a substrate coated by a 150 nm thick
film of gold. The electron takeoff angle with respect to the surface
normal was 37°, the diameter of the analyzed area was 1000 μm, and
the total experimental energy resolution was set to 1.16 eV. The XPS
spectra were analyzed by the least-squares curve fitting program
(Winspec, developed at the LISE laboratory of the University Notre-
Dame de la Paix, Namur, Belgium). The binding energies (BEs) are
reported with a precision of ±0.1 eV and referenced with respect to
the C 1s (BE = 285.6 eV) photoemission peak. Finally, Raman spectra
were collected from NC films deposited on silicon substrates. The
Raman spectra were recorded on a Raman microscope (Thorlabs
HNL) using the 632 nm line of a He−Ne laser as the excitation
wavelength, at approximately 2.5 mW in the range of 200−2000 cm−1.
The optical absorption of the NCs was obtained by a Shimadzu
UV3600 spectrometer. To avoid the thickness effect in further
measurements, the samples for both Raman spectra and UV−vis−
NIR spectroscopy were deposited simultaneously to keep the same
deposition conditions.
Finite Element Method (FEM) Simulation. The magnetic field
configuration and the race track, which develops during sputtering on
the Ge target, were modeled by the finite element method (FEM) via
the commercial software COMSOL Multiphysics. The magnetic and
electric field module of COMSOL Multiphysics was adopted for
simulating the magnetic field of the cluster source for the modified
nanoparticle deposition Nanogen 50. The magnetic flux densities and
the magnetic field strength B// ( +B Bx y
2 2 ) were calculated from the
simulation results, with the XY plane considered parallel to the target
surface. Moreover, the configuration and materials of the simulation
model were assigned with the corresponding value of the specific
cluster source, and the ambient condition was set as the vacuum. The
exterior boundary condition in this simulation was used as the zero
magnetic scalar potential condition. To get an accurate simulation, a
Chemistry of Materials pubs.acs.org/cm Article
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particularly fine mesh was selected for the magnetron source. Since
the nonmagnetic Ge target was used for deposition, the shape and
strength of the magnetic field configuration cannot be influenced.
Therefore, the magnetic flux densities (B//) on the target surface were
calculated based on the total thickness (target and backing plate)
above the copper shield of the magnetron head (Scheme 1).
■ RESULTS AND DISCUSSION
Morphology and Size Control of Ge NCs. Figure 1a−d
shows bright-field TEM images of differently sized Ge NCs,
which exhibit isolated pseudospherical structures. The
corresponding size distribution analysis is shown in the insets
of Figure 1a−d, which demonstrates that the average size can
be tuned from 14.7 to 7.1 nm by varying the thickness of the
backing plate. The reason for the size tunability of the NCs is
that the backing plate thickness directly affects the plasma
density, which is strongly related to the NCs growth rate. Any
change in the backing plate distance between the target and
magnetron effectively changes the magnetic field strength of
the magnetron. During magnetron sputtering, as shown in
Scheme 1, plasma confinement is achieved above the target
surface with the help of the magnetron. In the plasma region,
collisions between electrons and gas atoms (Ar or He) result in
the ionization of the sputtering gas forming excited species
(Ar+ or He+). Subsequently, the accelerated gas ions impact on
the Ge target, resulting in the emission and formation of the
cluster seed that strongly affects the cluster production rate and
size.40 Since a stronger magnetic field confinement results in
higher ionization, and a lower diffusion rate of atoms away
from the source region, the sputtering can be achieved at a
high rate with the dense plasma, leading to larger cluster
sizes.41 Therefore, using a thick backing plate can lead to a
weaker magnetic field strength above the target surface.42
To evaluate the variation of magnetic field strength by
changing the thickness of backing plates, FEM simulations of
the commercial magnetron source were performed. Figure 2b−
e shows the shape and magnitude of the B// ( +B Bx y
2 2 ) field
on the XY plane of the target surface, when four different
thicknesses (1.5, 3.0, 4.5, 6.0 mm) of the backing plates were
used with the z-coordinate set to 4.5, 6.0, 7.5, and 9.0 mm in
multislice, respectively. Similarly, Figure 2f depicts the profiles
of the magnetic field distribution as a function of radial
distances along the target surface. Due to the radial symmetry,
the profiles in Figure 2f provide a direct representation of
Figure 2b−e. Figure 2 thus clearly shows that the magnetic flux
density decreases with increasing axial outward distance. As a
result, the electron confinement becomes less tight and a wider
race track is expected. Since the supersaturation can be
achieved only by sufficient confinement of the vapor, individual
atoms or very small clusters will be deposited with reduced
magnetic flux density. According to the FEM results, the
magnetic field strength can be controlled by the thickness of
Scheme 1. Schematic Diagram of the Cluster Deposition
Source for Ge NCs as Based on High-Pressure Magnetron
Sputtering
Figure 1. (a−d) Bright-field TEM images of as-deposited Ge NCs
having different sizes as produced by a cluster source based on high-
pressure magnetron sputtering using different thicknesses (δ) of the
backing plates: (a) δ = 0 cm, (b) δ = 1.5 cm, (c) δ = 2 cm, and (d) δ
= 3 cm. (e) Average diameter of Ge NCs at various thicknesses of the
backing plate. Insets: size histograms of the Ge NCs with curves fitted
to the log-normal size distribution model.
Figure 2. (a−d) Simulated results of the magnetic field strength (B//)
for different thicknesses of Cu plate: (a) 1.5 mm, (b) 3.0 mm, (c) 4.5
mm, and (d) 6.0 mm. (e) B// profile of the magnetic field along the
radial direction for the four axial distances.
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backing plates, which, in turn, governs the confinement of
electrons and, consequently, can modulate the size of the Ge
NCs. For synthesizing smaller (<7 nm) Ge NCs, a substantial
Cu plate is required. However, then it is difficult to achieve a
stable plasma confinement because the magnetic field strength
on the Ge target surface becomes too weak. Zhao et al.
indicated that the synthesis of smaller Si NCs can be achieved
by increasing the amount of inert drift gas (in particular, He)
because the drift velocity can then be raised, which causes the
residence time of clusters in the aggregation volume to
decrease. Nevertheless, in this case, an amorphous structure is
anticipated for smaller Si NCs. Notably, a critical ratio of the
number density of the Si and Ar atoms (ρSi/ρAr) is needed to
heat the Si NCs over the crystallization temperature during the
condensation process.43
Structural Characterization of Ge NCs. As we report in
Figure 3, the HRTEM characterization was performed in
conjunction with the selective area electron diffraction (SAED)
to reveal the crystalline details of the Ge NCs. The diffraction
pattern in Figure 3b demonstrates that the crystalline structure
of Ge NCs can be indexed with the diamond cubic (Fd3m)
structure, as the measured interplanar distances of Ge d111,
d022, and d113 are 0.326, 0.198, and 0.169 nm, respectively.
Figure 3c shows exemplary single-crystal Ge NCs oriented
along a [212] zone axis. The fast Fourier transform (FFT) in
Figure 3d verifies the diamond cubic crystal structure,
containing the (111), (220), and (311) characteristic
reflections. Using the line profiles for the (111) and (022)
interplanar spacings of Ge NCs, as shown in Figure 3e, the d-
spacings were calculated to be 1.98 Å for (022) and 3.26 Å for
(111). This is in agreement with the spacing distances
measured from the SAED pattern. In addition to the majority
(∼60%) single-crystal Ge NCs (as shown in Figure S2), also
particles with a polycrystalline structure, oxidation shell, and
partially amorphous substructure were identified in the
HAADF-STEM images of all samples (Figure 3f−h). This is
attributed to the intrinsically high crystallization temperature
and oxidation of Ge. Specifically, as Figure 3f illustrates, as-
deposited Ge NCs can also contain a single twin boundary, as
indicated by the yellow dashed line. The corresponding FFT
pattern demonstrates that the angle between these two
domains is around 40°. In fact, such an incomplete crystalline
structure of the Ge NCs has been recognized as the major
reason that progress in the preparation and further
optoelectronic application for group IV NCs has fallen behind
those of the group II−VI and III−V NCs.24,44,45 Moreover,
due to the existence of the oxidation layer, and the partially
amorphous structure, the Ge NCs contain many trap states for
photogenerated charge carriers that increase the probability of
nonradiative recombination.23,46 As an additional measure-
ment of the material composition, energy-dispersive X-ray
spectra were measured and typical Ge peaks were observed
(see Supporting Information Figure S1).
Further analysis of the stoichiometry and chemical valence
for the as-deposited Ge NCs was carried out by X-ray
photoelectron spectroscopy (XPS). The survey spectra (Figure
4a) demonstrate only the presence of Ge, O, and C in the as-
deposited Ge NCs. Figure 4b shows the high-resolution XPS
spectra of the Ge 3d core-level region. Due to a non-negligible
fraction of Ge NCs bonded with O, a broad emission peak
centered at 29.4 eV can be seen. To quantitatively analyze the
valence of the as-deposited Ge NCs, the spectra were fitted by
multiple Voigt functions. The three main components can be
seen at 29.2, 30.5, and 32.0 eV peaks. The emission peak at
29.2 eV is attributed to the Ge−Ge bonds involved in the QD
formation. Other higher-energy peaks are related to the
presence of GeO (30.5 eV) and GeO2 (32.0 eV). In addition,
the results of the integrated peak area, which are related to
each valence state, indicate that the majority components are
∼54.0% as Ge, ∼31.0% as GeO, and ∼15.0% as GeO2.
Raman Spectroscopy. The vibrational properties of the
as-deposited Ge NCs with different sizes were also
characterized by Raman spectroscopy. Since only optical
phonons located at the center of the Brillouin zone are
involved in the first-order Raman scattering process for an
infinite Ge crystal, there is no momentum exchange during the
Raman scattering that leads to a sharp and symmetric
vibrational peak at 300 cm−1. However, according to the
phonon confinement model,47,48 the nanoparticles can be
considered as a finite crystal and the phonon can be described
by a wave packet (instead of plane wave) whose spatial
dimensions are commensurate with the crystallite size. As a
result, the Raman-active modes will be shifted away from the
Figure 3. Representative HRTEM micrographs of Ge NCs: (a)
overview of the as-deposited Ge NCs, (b) electron diffraction pattern
confirming the diamond cubic crystalline structure of Ge NCs, (c)
HRTEM image of Ge NCs taken along a [212] zone axis, (d) line
profile along the red and blue lines in the HRTEM image of (c), (e)
corresponding FFT analysis of the HRTEM image along the [212]
zone axis in (c), (f) twin crystalline structure of Ge NCs, (g)
oxidation, and (h) partially amorphous Ge NCs.
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Brillouin zone center by an effective offset Δq = ∼π/D, where
D is the diameter of Ge NCs. Consequently, the Raman peak
will be asymmetrically broadened and will shift to lower
wavenumbers with decreasing nanoparticle size. Indeed, the


















In eq 1, C(0,q) is the Fourier coefficient of the weighting
function that can be considered nearly constant, q is expressed
in units of 2π/aGe, where aGe is the lattice constant of Ge
(0.568 nm), ω(q) is the phonon dispersion curve, and Γ0 is the
Raman natural line width of bulk Ge.
Figure 5a shows the typical Raman spectra for the Ge NCs
with the four different sizes. According to the phonon
confinement model, smaller NCs will lead to a shift of the
Raman peak to lower wavenumber and also the development
of a broader and asymmetric peak (as shown in Figure 5a).
The low-frequency tail of the broad Ge−Ge optical phonon
peak can be interpreted as stemming not only from changes in
the bond length (due to the increased surface-to-volume ratio
of smaller NCs, the fraction of shorter bond lengths from the
uncoordinated surface atoms will be increased, which induces
Raman scattering at lower frequencies)14 but also by the
existence of the amorphous state or lower crystallinity for
smaller NCs, as shown in Figure 3f−h. To analyze the
relationship between the frequency downshift Δω(D) of the
Raman peak and the diameter D of Ge NCs, the phonon
confinement model can be simplified by the bond polarizability
model49 that leads to the power-law behavior
ωΔ = − γD A a D( ) ( / ) (2)
where a is the lattice parameter of Ge (0.5658 nm). The
parameters A and γ are used to describe the vibrational
confinement due to the finite size for the Ge NCs. These
parameters have the values A = −97.462 cm−1 and γ = 1.39 for
nanometric spheres of diameter D.46 According to the peak
position in Figure 5a, the size of the Ge NCs can be obtained
by the phonon confinement model yielding for D the values
15.2, 10.0, 8.95, and 7.28 nm. The differences in the diameter
of as-deposited Ge NCs between the calculated results from eq
2 and TEM results (cf. Figure 1) are presented in Table 1.
Indeed, although for one size a relatively large error occurred,
the other values show a good consistency between the Raman
and TEM measurements for the Ge NCs. The size deviation
between the TEM and Raman results can be explained by
underestimating the percentage of bigger Ge NCs in the TEM
data. This is because, to obtain the size distribution, the
instrumental correction of the TEM data tends to under-
estimate the percentage of bigger Ge NCs in favor of the more
Figure 4. XPS spectra of a typical Ge NCs: (a) survey spectrum and
(b) high-resolution peak of Ge 3d valence level showing three
different fitted Voigt peaks representing Ge, GeO, and GeO2, with Ge
being dominant.
Figure 5. (a) Raman spectra of the Ge NCs with four different
average diameters. (b) Raman shift of the peak position as a function
of the diameter of Ge NCs.
Table 1. Comparison the Size of Ge NCs between the
Results from TEM and the Fitting Results of Phonon
Confinement Model
crystallite size (nm)
DTEM 14.75 12.25 9.52 7.11
DPCM 15.20 10.00 8.95 7.28
ΔD = |DTEM − DPCM| 0.45 2.25 0.57 0.17
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numerous smaller NCs.50 In addition, the peak shift of the
optical Ge−Ge phonon demonstrates that the states of Ge
NCs preserve their individual character instead of forming bulk
Ge films. Finally, as Figure 5b shows, the calculation of the
Raman shifts using eq 2 with D the values obtained from the
TEM (Table 1) indicates a good agreement with the measured
Raman frequency shifts.
Confinement Effects Due to Size-Dependent Optical
Properties of Ge NCs. Furthermore, the optical properties of
the Ge NCs were investigated via UV−vis−NIR absorbance
measurements. Unlike the direct band gap semiconductors,
such as the PbS, the photoluminescence signal for the Ge NCs
could not be easily observed limiting the precise determination
of the band gap of the NCs. Holman et al. also indicated that
the blue-shifted photoluminescence data in many papers
originate from the surface ligand on the Ge NCs.22 Until
now, only four reports present convincing photoluminescence
data yielding a band gap energy close to that of bulk Ge with
increasing size of the Ge NCs.23−26 According to the quantum
confinement effects, when the size of semiconductor nano-
crystals is below the Bohr exciton radius (∼24 nm for Ge), the
size-dependent effect will manifest itself by band gap
broadening of the Ge NCs.21 As it is shown in Figure S3a,
with decreasing size of the Ge NCs, the onset of the absorption
peak undergoes a blue shift that follows very well the predicted
trend of quantum confinement effects. Notably, the quantum
confinement theory suggests that because of the geometric
restriction of charge carriers at the nanoscale, the momentum
conservation could be relaxed for optical transitions.16 As a
result, the probability of band-to-band transition (quasi-direct)
can be improved for indirect band gap semiconductor
nanocrystals.21 However, the exciton peak cannot be observed
in the absorption spectra for our experiments, suggesting that
no conversion occurs from indirect to quasi-direct band gap
structure for the Ge NCs (see also Supporting Information
Figure S3b).
To analyze more quantitatively the size effects on optical
band gaps from absorption spectra, Tauc plots were made51,52
since this is a common method to interpret the optical band
gap for semiconductor materials from the absorption spectrum.
The band gap energies can be determined by extrapolating the
tangential line from the linear region of the onset of the first
major absorption to the intersection point of the abscissa on
the energy axis. The approximate indirect band gap energies of
the Ge NCs from the Tauc plots (see Figure 6a) were 0.85 eV
for 14.7 nm, 0.95 eV for 12.3 nm, 1.06 eV for 9.5 nm, and 1.12
eV for 7.1 nm. These band gap energies suggest strong
quantum size effects when the size of the Ge NCs is smaller
than the Bohr exciton radius and a clear trend of widening
band gap with decreasing size of Ge NCs. However, the
absorption measurements lack the correction of light
scattering, which makes it difficult to identify precisely the
absorption onset.14
To illustrate the confinement effect of Ge NCs, we
summarized the band gap energies as a function of the NCs
size along with the data from studies of other groups,23,24,53 as
shown in Figure 6b. In addition, the relationship between the
band gap energy and the size of the Ge NCs was also
compared to the effective mass model (EMM)54,55 and a tight-
binding (TB) model.56 In the strong confinement regime,
where the size of NCs is smaller than the Bohr radius (∼24
nm), the relationship between the band gap energy Eg,NC and
the particle diameter D based on the EMM is given by














where Eg,bulk is the bulk band gap energy of Ge (0.67 eV), h is
the Planck constant, and me* and mh* are the effective masses
of the electrons and holes, respectively. If the effective mass
can be calculated using the density of states, then the mass
term in eq 3 can be correlated with the parabolicity of the band
structure. The latter means that the bulk effective mass value of
Ge can be used for the nanostructures. Therefore, these
definitions yield from eq 3 for the band gap of the NCs
= +E E A
Dg, NC g,bulk 2 (4)
where the calculated parameter A for Ge is 7.88 eV × nm2.54,57
The band gap from the sp3 TB model for spherical dots can












g,NC g, bulk 2
2 (5)
Since the EMM is known to overestimate the band gap energy
of NCs as small as a few nanometers,53 a more accurate
theoretical description can be obtained by the TB model. As it
is shown in Figure 6b, our experimentally resolved band gap
shows a clear dependence on the size of Ge NCs and a similar
Figure 6. (a) Tauc plot from the absorption data used to determine
the band gap energy of Ge NCs. (b) Comparison with band gap size
versus nanoparticle diameter data from the literature. The band gap
energies determined in this work are plotted together with the ones of
Ge NCs synthesized with the colloidal method,24 Ge NCs embedded
in SiO2,
53 Ge NCs synthesized with the nonthermal plasma method,23
and predicted band gap values obtained from an effective mass and a
tight-binding (TB) model.
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trend to that predicted by the TB model. In addition, we
observe that all our experimental results are higher than the
prediction of the TB model. Such a slight difference can be
explained by several deficiencies such as surface oxidation,
defects in crystalline Ge clusters, and partly amorphous Ge
clusters. First, the XPS analysis has shown that the as-deposited
Ge NCs cannot be expected to be a pure ensemble of Ge NCs.
Indeed, the effect of substoichiometric oxide shells on the shift
of the band gap energy has been reported in the literature.58
Second, as it is also mentioned in the HRTEM characterization
of the NCs, the deviation of the band gap energy may also
result from the existence of an uncertain fraction of incomplete
crystallites or defects within the Ge NCs. Third, because of the
band gap energy determination by extrapolation from the
optical absorption tail, the uncertainty in the interpretation of
the optical spectrum could also be the source of the error.59 In
any case, the good agreement with the TB model suggests that
the as-deposited Ge NCs persist to exhibit the indirect band
gap nature also in the quantum confinement regime.
■ CONCLUSIONS
In summary, a novel gas-phase synthesis procedure for Ge NCs
has been established via the gas aggregation cluster source that
allows a relatively simple way to tune the size and subsequently
the optical absorption of Ge NCs. The size selection can
readily be controlled by the adjustment of the equivalent
thickness of the target (using various thicknesses for the
backing plate) that allows manipulation of the magnetic field
configuration on the target surface as it has been explained in
terms of the FEM simulations. Therefore, one can avoid the
use of mass selection to form size-selected NCs and thus avoid
sacrificing the production yield of NCs. HRTEM and Raman
spectroscopy demonstrated in close agreement that the size of
Ge NCs decreases with increasing equivalent thickness of the
Ge target. HRTEM and SAED measurements demonstrated
that most Ge NCs have a single crystalline diamond structure.
HRTEM also revealed the presence of an oxide shell, as well as
more details of the crystalline structure as, for example, the
existence of a minor fraction of NCs with a polycrystalline
structure. In addition, the XPS study verified the valence state
of the Ge NCs and quantified the number of the oxidation
states of the NCs indicating substoichiometric Ge oxide shells.
Furthermore, the data from the UV−vis absorbance measure-
ments demonstrated via the Tauc plots the quantum
confinement effect on the band gap of Ge NCs showing a
band gap energy that can be tuned by the size of Ge NCs.
Finally, we stress that our results follow the TB model
prediction for the band gap size rather well. Although high-
quality Ge NCs without oxidation and with a homogeneous
crystalline phase are still challenging to produce, the cluster
deposition method shown here can readily produce tunable-
size solid-state Ge NCs, which is promising for further solid-
state optoelectronic device investigations. Currently, research
is in progress to suppress the oxidation and improve the
crystalline quality during deposition, as well as to combine the
synthesis with other group IV nanoparticles (e.g., GeSi and
GeSn). In addition, our method might also be suitable for
other highly covalent systems (e.g., InN or InSb), which could
be difficult to synthesize by the solution-phase method.18
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(28) Sattler, K.; Mühlbach, J.; Recknagel, E. Generation of Metal
Clusters Containing from 2 to 500 Atoms. Phys. Rev. Lett. 1980, 45,
821−824.
(29) Pratontep, S.; Carroll, S. J.; Xirouchaki, C.; Streun, M.; Palmer,
R. E. Size-Selected Cluster Beam Source Based on Radio Frequency
Magnetron Plasma Sputtering and Gas Condensation. Rev. Sci.
Instrum. 2005, 76, No. 045103.
(30) Haberland, H.; Mall, M.; Moseler, M.; Qiang, Y.; Reiners, T.;
Thurner, Y. Filling of Micron-sized Contact Holes with Copper by
Energetic Cluster Impact. J. Vac. Sci. Technol., A 2002, 12, 2925−
2930.
(31) Kortshagen, U. R.; Sankaran, R. M.; Pereira, R. N.; Girshick, S.
L.; Wu, J. J.; Aydil, E. S. Nonthermal Plasma Synthesis of
Nanocrystals: Fundamental Principles, Materials, and Applications.
Chem. Rev. 2016, 116, 11061−11127.
(32) Ahadi, A. M.; Hunter, K. I.; Kramer, N. J.; Strunskus, T.;
Kersten, H.; Faupel, F.; Kortshagen, U. R. Controlled Synthesis of
Germanium Nanoparticles by Nonthermal Plasmas. Appl. Phys. Lett.
2016, 108, No. 093105.
(33) Ehbrecht, M.; Huisken, F. Gas-Phase Characterization of
Silicon Nanoclusters Produced by Laser Pyrolysis of Silane. Phys. Rev.
B 1999, 59, 2975−2985.
(34) Rao, N.; Girshick, S.; Heberlein, J.; McMurry, P.; Jones, S.;
Hansen, D.; Micheel, B. Nanoparticle Formation Using a Plasma
Expansion Process. Plasma Chem. Plasma Process. 1995, 15, 581−606.
(35) Wheeler, L. M.; Nichols, A. W.; Chernomordik, B. D.;
Anderson, N. C.; Beard, M. C.; Neale, N. R. All-Inorganic
Germanium Nanocrystal Films by Cationic Ligand Exchange. Nano
Lett. 2016, 16, 1949−1954.
(36) Jurbergs, D.; Rogojina, E.; Mangolini, L.; Kortshagen, U.
Silicon Nanocrystals with Ensemble Quantum Yields Exceeding 60%.
Appl. Phys. Lett. 2006, 88, No. 233116.
(37) Palmer, R. E.; Cai, R.; Vernieres, J. Synthesis without Solvents:
The Cluster (Nanoparticle) Beam Route to Catalysts and Sensors.
Acc. Chem. Res. 2018, 51, 2296−2304.
(38) Tang, W.; Eilers, J. J.; Van Huis, M. A.; Wang, D.; Schropp, R.
E. I.; Di Vece, M. Formation and Photoluminescence of “Cauliflower”
Silicon Nanoparticles. J. Phys. Chem. C 2015, 119, 11042−11047.
(39) Cardoso, J.; Marom, S.; Mayer, J.; Modi, R.; Podesta,̀ A.; Xie,
X.; van Huis, M. A.; Di Vece, M. Germanium Quantum Dot Graẗzel-
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